Introduction
Plants have a remarkable capacity to co-ordinate the growth of their organs, so that there is generally a tight balance between the biomass invested in the shoot and that invested in roots. One way to demonstrate this is by means of an allometric analysis, first applied for plants by Pearsall (1927) . In such an analysis, the log-transformed biomass of the shoot at one axis is plotted against the log-transformed biomass of the roots at the other axis. In this way, Pearsall (1927) showed that a strong linear relationship exists between the two variables. Moreover, he showed that the slope of this line would deviate from 1.0 only if the relative growth rates of shoots and roots differed. Generally, drastic changes in development, such as the onset of flowering, are required to change the slope of the line (Troughton 1956) .
A classical experiment on the regulation of biomass allocation is that of Brouwer (1962b) , who followed changes in shoot and root biomass of hydroponically-grown bean plants. After a given period of time he removed either half of the leaves or half of the roots from the plants. Remarkably, within a week or so of pruning, the initial proportion between root and shoot mass was restored, and treated plants were on the same line in the allometric analysis as the control plants. The only difference was that the pruned plants had slightly smaller total biomass, as the clipping had caused some growth reduction. How general is this type of response? To answer this question, we repeated the pruning experiment with the grass Hordeum vulgare (Fig. 1) . These plants showed exactly the same type of response as those in Brouwer's experiment, shoots and roots being on the same allometric relationship as the control plants within 7-10 d. Focussing on leaf pruning only, Farrar and Gunn (1998) found similar results for another herbaceous monocot and a dicot species. Alexander and Maggs (1971) carried out a leaf and root pruning experiment with Citrus sinensis, and although they only made one measurement after the treatment, they observed a similar trend in restoration of shoot:root ratio (S/R). We therefore conclude that the observations of Brouwer can be generalised to a wider range of species.
Terminology in this area is not always clear, with terms such as allocation, partitioning and distribution being used differently by different authors. We will use the term allocation to indicate the amount of biomass that is present in the various organs relative to total plant mass. Given the strong growth responses of the pruned plants, they have had a remarkable flexibility in redirecting the partitioning of photosynthates to arrive at such a constancy in the pattern of biomass allocation [Farrar and Gunn (1998) ; cf. Minchin and Thorpe (1996) ]. This does not imply, however, that allocation is a fixed attribute of a plant. It has been known for long that allocation to roots increases with decreasing nutrient or water availability (e.g. Brenchley 1916; Maximov 1929) and that allocation to shoots increases with decreasing irradiance (Shirley 1929) . Moreover, when nutrients are re-supplied after being withheld for some time, shoot:root ratios return to the values of the plants that have received nutrients all the time (Brouwer 1962a) .
Partly echoing earlier suggestions (Brenchley 1916; Maximov 1929; Troughton 1960 ), Brouwer combined these observations with those from his pruning experiment to formulate the theory of a 'functional equilibrium' (Brouwer 1962b (Brouwer , 1963 . The core of this theory is that plants shift their allocation towards shoots if the carbon gain of the shoot is impaired by a low level of above-ground resources, such as light and CO 2 . Similarly, plants shift allocation towards roots at a low level of below-ground resources, such as nutrients and water. These shifts could be seen as adaptive, as they enable the plant to capture more of those resources that most strongly limit plant growth. Brouwer (1962b) also proposed a mechanism by which the plant could regulate allocation, simply assuming that the organ involved in the acquisition of a resource has priority over that resource. At low irradiance, shoots (leaves) retain more of the limiting amount of photosynthates, leaving less carbon for root growth. At low nutrient and water availability, roots use relatively more of these resources, leaving less for the shoots (leaves). Consequently, leaf growth is limited by the supply of nutrients and water and less photosynthates are incorporated above-ground. The excess photosynthates are then transported to the root, enhancing root growth relative to that of shoots. Later developments with regard to the functional equilibrium have been to incorporate explicitly the physiological activities of shoot and roots into the model (Davidson 1969) , as well as the fluxes of C and N from the sites of acquisition to those of utilisation (Thornley 1972) . The mechanism proposed by Brouwer has been questioned (Lambers 1983; Farrar 1992; Cheeseman 1993; Van der Werf and Nagel 1996 ; see also Ericsson 1995) but the general predictions of the model have not been challenged.
A comprehensive overview on shoot:root ratios can be found in Wilson (1988) . Recent reviews on several aspects of allocation have been given by Körner (1994) , Ericsson (1995) , Reynolds and D'Antonio (1996) , and Farrar and Gunn (1998) . In this paper, we focus on the effects of resource supply on the allocation of plant biomass. First we discuss which tools are the most appropriate to analyse biomass allocation, as the choice of the parameters and the method to describe allocation may affect the conclusions drawn. Second, we carry out a quantitative analysis of literature data to characterise how plants respond to differences in light, CO 2 , nutrient and water availability by changing allocation to leaves, stems and roots. Finally, we try to analyse to what extent the observed differences in biomass allocation are of quantitative importance, when considered relative to the other adjustments that a plant makes in response to a change in environment.
Methodological aspects
The number of compartments Throughout the last century plant biomass distribution has mostly been analysed using two compartments, that is, above-ground and below-ground parts. The advantage of such a dichotomy is that it is straightforward to apply and permits an allometric analysis along the lines of Pearsall (1927) . Moreover, with shoot:root ratio or its inverse as the variable to characterise allocation in a quantitative way, one has a parameter that is very sensitive to changes in allocation. A statistical problem is that differences in shoot:root ratios are often erroneously tested for significance. A ratio like the one between shoots and roots is not normally distributed. Let us assume a plant with 1 g of shoot biomass and 1 g of root biomass, and hence a S/R of 1. If for some reason the shoot was to increase its mass to 10 g, the S/R would rise to 10, an increase of 9 units. Theoretically, the ratio could approach infinity. If, on the other hand the root biomass were to increase to 10 g, S/R would become 0.1, a decrease of 0.9 units only. Theoretically, S/R could decrease to almost zero. Therefore, variability in shoot and root mass do not have the same absolute impact on S/R, implying that this variable has a ln-normal distribution, rather than a normal Gaussian one. Consequence is that S/R values should be lntransformed prior to any statistical analysis, averaging included. This aspect is often neglected in the literature.
The use of S/R values also has a serious conceptual drawback. From a functional point of view, it is unsatisfactory to describe allocation in terms of two compartments only. The combination of stems and leaves into one compartment does not acknowledge the very different functions these organs have. A convincing illustration of this point has been given by Körner (1994) , who compared the biomass allocation of full-grown trees of evergreen coniferous and deciduous species. S/R values were higher for deciduous species, and S/R values of both types of tree species did not deviate to a large extent from those we compiled for tree seedlings and herbaceous plants (Table 1) . However, analysing the same data in a three-compartment model, it appeared that the allocation of biomass to leaves was 3-fold higher for the coniferous species. Moreover, the huge difference in allocation between full-grown trees and herbaceous plants was immediately obvious.
In line with Körner (1994) , we plea for an analysis of allocation using at least three compartments: leaves, stems and roots. Allocation can then be characterised by fractions, expressing the biomass of each organ relative to that of the total plant (leaf mass fraction, LMF; stem mass fraction, SMF; root mass fraction, RMF). We prefer to use the term 'fraction' rather than the more commonly used term 'ratio', as it is immediately evident that the sum of all fractions has to add up to 1. Moreover, it makes the terminology of growth analysis -where a number of acronyms end with the R of ratio or rate -more easily accessible for those less familiar with such analyses. The advantage of the use of biomass fractions over S/R values is that LMF and RMF form an integral part of the concept of growth analyses and carbon economy (Lambers et al. 1989; Garnier 1991; Poorter and Pothmann 1992) . Another advantage is that biomass fractions are less sensitive to small changes in allocation than are S/R values, especially when roots form less than 20% of the biomass. From the perspective of the carbon economy of the plant, it would be preferable to consider petioles or leaf sheaths as either a separate compartment, or include them in the stem fraction if they hardly contribute to the carbon gain of the plants. For those who wish to do so, RMF data can be readily converted into S/R values, as they bear the same information.
Allometric analysis
A second point of concern is the way to analyse differences in allocation. It has been pointed out by, amongst others, Ledig and Perry (1966) that S/R values decrease with time in seedlings of woody species, whereas they tend to increase with time in herbaceous species. Such changes over time or with development are loosely indicated with the term 'ontogenetic drift'. At least part of the ontogenetic drift is related to the size of the plant, as larger plants will have to invest a larger fraction of their biomass in support structure, and have a larger leaf area so that self-shading increases. An example is given in Fig. 2A , where both the pruned and the nonpruned Hordeum vulgare plants increased allocation to shoots with increasing total plant mass. Given that most environmental variables affect the growth of plants, repeated calls have been made in the literature to use the technique of the allometric analysis to correct allocation patterns for possible size differences between plants of different treatments (Ledig and Perry 1966; Packard and Boardman 1988; Coleman et al. 1994 ; see also Jasienski and Bazzaz 1999) . That is, for both treatments, the log of the shoot mass is plotted against the log of the root mass, and we tested whether the lines that fit the data points of the two treatments are statistically different from each other. It has been concluded frequently that differences in allocation disappear after application of the allometric analysis and that therefore the difference in allocation was due to size difference, not due to the treatment per se (e.g. ; references in Coleman et al. 1994; Gunn and Farrar 1999) .
Environmental effects on biomass allocation Table 1 . Averaged biomass allocation values of four categories of species Allocation is characterised either as S/R, or as a fraction of total biomass allocated to leaves (LMF), stems (SMF) and roots (RMF). Data for coniferous and deciduous species pertain to adult plants and are taken from Körner (1994) . Data for tree seedlings (n = 750) and herbaceous plants (n = 500) are from the compiled literature sources of this study While acknowledging that the technique of allometry may provide insight into momentary changes in the distribution of newly formed biomass that cannot be easily obtained otherwise (Farrar and Gunn 1998) , we would like to question a routine application of this method with the sole purpose to correct for size differences. First, it is a misconception that differences in biomass allocation are only of interest if they exist at a common plant size. If one wishes to understand the functioning of a plant in its environment, then it is the actual allocation of biomass in connection with the actual physiology and morphology that determines the physiological performance and growth rate of the plant at that moment. It is only when one likes to answer the subsequent question -are the observed differences in allocation pattern indirectly brought about by a treatment-induced size difference or are they independent of size? -that an allometric analysis is useful. Second, it is not always obvious what would be the appropriate parameter for plant size. Plant dry mass seems an obvious choice, but in the case of CO 2 -enriched plants, where the increase in dry mass may be largely due to the accumulation of non-structural carbohydrates, fresh mass or leaf area are better parameters (Poorter et al. 1988) . Part of the ontogenetic drift may depend on the developmental stage of the plant rather than on plant size per se, even necessitating another base of comparison (Coleman et al. 1994 ). Different comparisons may yield different answers, and as there is no objective criterion to select the appropriate variable, interpretations have to be made with care.
Another point of concern is the statistical testing for differences in allometric relationships. To test, for example, for differences in LMF, one may plot the log-transformed biomass of the leaves against the log-transformed biomass of the rest of the plant. It is often tacitly assumed that such a plot yields a straight line, but this is not necessarily the case (Causton and Venus 1981) , so it should be common practice to test for non-linear components. A second, related, point is that allometric relationships are often tested when ranges of plant masses only partially overlap between treatments. Any judgement based on the coefficients of the regression lines is then based on a partial extrapolation of the data outside the actual size range that is measured. It would be better to consider data only for that part of the curve where plants of different treatments are of common size. Thirdly, in the case of a simple linear relationship, differences in allocation may show up in different slopes of the regression lines, and/or in differences in intercept. The statistical procedure to test for differences in slope between two lines is rather insensitive. Therefore, one will easily conclude that there are no differences at all, whereas tests with more discriminating power could have shown statistically significant differences.
To avoid the problems mentioned above, we suggest that in the case where size correction is required, plant parameters such as LMF should be plotted against a parameter of plant size, such as total plant mass. This enables a direct and straightforward testing of the parameter of interest. An illustration of the above-mentioned problems is shown in Fig. 3 , where differences in allocation to leaves are analysed both allometrically and in terms of LMF. To this end we analysed a growth experiment with 2 treatments, 6 harvest days and 4 plants measured per harvest. No difference in allocation was found using the allometric analysis, judged from the fact that neither the slopes of the regression lines nor the intercepts were significantly different. However, when the actual parameter of interest is plotted against total plant mass, and only those data are compared where plants of both treatments are on the same size trajectory, a highly significant difference in allocation is found between the two treatments (t-test, P < 0.001).
In the case of the pruning experiment with Hordeum vulgare, the three-compartment model of allocation plotted against total plant size gives some useful insights as compared to the allometric analysis or the S/R values. Focussing first on the control plants, it is clear that the change in S/R with size ( Fig. 2A) is not caused by a shift in the biomass allocation to leaves (Fig. 2B) . That is, there is no ontogenetic drift in LMF, and changes in S/R are completely brought about because the SMF increases and the RMF decreases ( Figs 2C, D) . Considering the difference between treatments, graphs such as Fig. 2B provide exact information about the extent to which pruned plants differ in allocation from the controls, whereas such information is difficult to extract from Fig. 1 . We therefore conclude that the most simple and straightforward way to correct allocation parameters for size differences is to plot those parameters against the total mass or leaf area of the plants. In the case where instantaneous changes in distribution of biomass are of interest, allometric plots as used by Pearsall (1927) , or those used by Van de Sande Bakhuijzen (1937 , cited in Brouwer 1962a ) are more appropriate.
Biomass allocation as affected by environment

Light and CO 2
The next question we ask is to what extent allocation to leaves, stems and roots changes with environment and whether this complies with the predictions of a functional equilibrium. To that end, we will evaluate anticipated changes in photosynthesis per unit leaf mass, and water and nutrient uptake per unit root mass. An example is given in Fig. 4 , where biomass allocation of Geum urbanum plants is plotted as a function of growth irradiance . A higher irradiance implies a higher rate of photosynthesis per unit leaf mass, but also a higher rate of water uptake because of an increased transpiration and a higher need for nutrient uptake because growth is stimulated. Consequently, following the model of the functional equilibrium, it is expected that allocation to leaves decreases and to roots increases. The observed S/R values comply with these predictions, as they decrease with increasing light (Fig. 4A ). However, a closer analysis shows that this is not at all due to a change in the fraction of biomass allocated to leaves, as LMF remains remarkably constant (Fig. 4B) . The changes are due solely to a shift in investment from stems to roots, quite similar to what was observed for the ontogenetic drift of Hordeum vulgare (Fig. 2) . While acknowledging that stems may have their own specific role in increasing the plant's rate of photosynthesis, these observations nevertheless do not comply with the expectations of a functional equilibrium. That is, the plant does not invest more in the leaves, the organ that will cause the strongest growth limitation at low light intensities.
Observations of a constant LMF at varying light intensities have been reported more often Lehto and Environmental effects on biomass allocation LMF, plotted against total biomass (log scale). The difference between treatments in LMF is significant (t-test; P < 0.001). Grace 1994; , but are they the norm? To answer this question we carried out a meta-analysis of data from a range of experiments published in the literature. That is, we extracted data on allocation patterns from a wide range of publications in which the growth of plants in two or more light environments was reported. Subsequently, we statistically analysed this dataset to arrive at a mean response as well as the variation that is to be expected around the mean. A weak side of this approach is that experiments of different nature are combined. Nevertheless, by integrating over a large range of experiments, better-founded generalisations are possible. For each experiment where data for leaves, stems and roots were reported, we calculated the absolute difference in LMF, SMF and RMF between plants grown at a high and a low level of irradiance. In the case of multiple light treatments we used the extremes. In the case of factorial experiments with two or more environmental factors, we selected those observations for irradiance where the level of the other factor(s) showed most favourable plant growth. No attempt was made to correct for differences in size between plants, as we were most interested in the overall effects of light. A subsequent analysis at a common size would have yielded additional insight, but was precluded by the small amount of data available. The distribution of the observed changes in LMF is shown in Fig. 5 . In a number of cases, plants behave as those of Fig. 4 , with no change in LMF. However, on average, LMF values of high-light grown plants are lower than those of plants grown at low light levels. There is quite some variability in this parameter, with changes being smaller for herbaceous species than for woody seedlings (P < 0.05). In a compilation like this it cannot be excluded that such a difference is caused by differences in the growth conditions of the plants. However, visual inspection of LMF data plotted as a function of the daily quantum input for all of the experiments showed no systematic difference in LMF response between herbs and tree seedlings at either the low or the high light range (data not shown). Average changes in LMF, SMF and RMF with growth irradiance across all experiments are given in Fig. 6A . As already derived from Fig. 5 , average LMF decreases with increasing irradiance. SMF decreases as well, whereas RMF increases in a very consistent manner.
Results for elevated CO 2 are different. Following the theory that plants allocate more biomass to the organ that is closest to the limiting resource, one might expect the LMF to decrease and the RMF to increase with increasing CO 2 . The response is, however, slightly more complicated. Like high irradiance, elevated CO 2 increases the rate of photosynthesis per unit leaf mass, at least in the short-term (Long 1991) . Part of the extra fixed carbon will be used for growth, but another part is accumulated in the form of non-structural carbohydrates Körner et al. 1995) . CO 2 enrichment may also increase nutrient demand, due to accelerated plant growth. In contrast to high irradiance, elevated CO 2 decreases transpiration, even in the long-term (Morison 1998) . Therefore, elevated CO 2 would be expected to decrease LMF, but the effect is probably not as pronounced as for irradiance, due to the reduced need for water uptake, which decreases the need to allocate more biomass to roots.
At variance with this expectation, analysis of the published data shows that plants grown at elevated CO 2 on average do not change their allocation at all. This is in line with the conclusions of Stulen and Den Hertog (1993) , who analysed the response of biomass allocation in terms of S/R and did not find any change either. The exception may be CO 2 enrichment in the case where nutrients are strongly limiting, as increases in RMF have been reported under these circumstances (Stulen and Den Hertog 1993) . It has been suggested that woody species would differ from herbaceous species, in that they tend to increase their S/R at elevated CO 2 , whereas herbaceous species tend to decrease S/R (Farrar and Williams 1991) . We tested to what extent the CO 2 response differed between woody and herbaceous species, analysed over all observations (70 on herbs, 100 on trees). There was no indication of any difference between the two groups (P > 0.8 and > 0.4 for LMF and RMF, respectively).
Nutrients and water
Plants grown at a low nutrient supply have a decreased rate of photosynthesis per unit leaf mass. However, growth is hampered more than photosynthesis, as judged from the generally occurring accumulation of starch (Poorter and Villar 1997) . Therefore, we expect that plants experience an excess of photosynthates, rather than a shortage. A low nutrient availability decreases a plant's nutrient uptake per unit root mass and usually reduces its transpiration per unit leaf dry mass (Evans 1996) . Therefore, all three factors will be in the direction of a shift from leaves to roots. In fact, in our compilation the effect of nutrient supply on allocation is the strongest of all environmental factors considered. The changes in LMF and RMF were considerably larger for herbaceous than for woody species ( Fig. 6C ; P < 0.01 and P < 0.001, respectively).
In the case of low water availability, there will be a decreased water uptake per unit root mass, and probably also a reduced nutrient uptake, as the delivery of nutrients by mass flow is hampered in dry soil (Marschner 1995) . These factors are expected to increase the allocation to roots. At the same time, low water availability will decrease the rate of photosynthesis per unit leaf dry mass. However, contrary to the case of a low nutrient availability, starch does not generally accumulate in leaves at low water supply (Chaves 1991) . We therefore conclude that photosynthesis is hampered to the same extent as shoot growth, which would point into the direction of increased allocation to leaves. The literature analysis shows that on average allocation shifts from leaves to roots at low water supply (Fig. 6D) . However, quantitatively the changes are much smaller than in the case of irradiance or nutrients. Experimental design may play a role here: if plants are subjected to a single drying event, growth may have stopped before a plant fully adjusted its allocation. However, also in the case of mutants that experience continuous drought stress because of stomata that are always open, differences in allocation with wildtype plants are marginal (Nagel et al. 1994) . Therefore, we conclude that allocation changes in the case of water limitation are only modest. Differences in LMF were smaller for woody than for herbaceous plants (P < 0.05).
In conclusion, there is good agreement between the direction of the response predicted by the functional equilibrium model and the observed differences in allocation for plants grown at different light or nutrient supply. Changes in allocation are smaller in the case of limited water supply and, on average, absent when plants are grown at elevated CO 2 .
A whole-plant perspective
It is intriguing that Brouwer (1962b Brouwer ( , 1963 Brouwer ( , 1983 ) never explicitly defined why the equilibrium was 'functional'. However, implicit in this model is that a plant allocates its biomass in such a manner that its growth rate is maximal under the given environmental conditions. It would be of interest to test the quantitative importance of the above mentioned changes in allocation for the maximisation of growth. Such a test is not easily made. Experimentally, one would need to compare the growth of a range of genotypes that only differ in the extent to which they change their allocation pattern under suboptimal conditions. With such a response curve it would be possible to evaluate how 'functional' a change in allocation is. As such genotypes are not available, an alternative approach might be to model the trade-off between biomass investment in leaves, which would increase × 100) Fig. 7 . Growth parameters ULR, SLA and LMF, plotted as a function of RGR. Differences in growth rate were due to differences in growth irradiance. Data for Geum urbanum from .
the supply of photosynthates, and in roots, which would stimulate the uptake of nutrients and water (e.g. Hilbert 1990; Van der Werf et al. 1993 ; see also Bloom et al. 1985; Tilman 1988) . Unfortunately, uncertainties associated with such models are too large to help. It would be of interest, however, to evaluate the quantitative importance of adjustments in biomass allocation relative to acclimation at other integration levels. Looking at the differences in allocation parameters, it appeared that they were rather small when changes in growth rate due to treatment are small; i.e. changes in biomass allocation seemed proportional to the treatment-induced changes in growth. Therefore, we took the perspective of growth analysis, a simple model that relates a plant's relative growth rate (RGR, the increase in biomass per unit biomass already present and per unit of time), to the morphological and physiological factors that determine its carbon economy (Lambers et al. 1989) . This is done by factorising RGR into three components. First the unit leaf rate (ULR), which is the increase in biomass per unit of time and leaf area, and which is generally strongly correlated with the rate of photosynthesis per unit leaf area (Konings 1989; . Second the specific leaf area (SLA, leaf area per unit leaf biomass), which is a parameter that reflects aspects of leaf morphology, such as leaf density and thickness. And third the LMF, as a measure of biomass allocation. That is:
In our analysis, we ask to what extent a difference in RGR caused by a difference in irradiance, for example, is due to a difference in each of the components on the right side of eq. 1. In other words, how do the different components change if RGR changes? If allocation plays an important role one would expect that a, say, 2-fold difference in RGR would go with a close to 2-fold difference in LMF. Alternatively, if allocation remains the same along a resource gradient, one can conclude that this has not been an important factor in the acclimation response of a plant. A simple way to express the relative importance of each of the underlying growth parameters is to calculate the growth response coefficient (GRC), explained in detail in Appendix 1. This parameter is the relative change in one of the growth parameters on the right side of eq. 1, scaled with respect to the relative change in RGR. In the case of LMF, the expression is:
.
GRC LMF is 1 if a change in RGR is due only to a change in LMF, and 0 if LMF remains constant and the change in RGR is due only to changes in ULR and/or SLA. This approach has two advantages. First, we use the change in RGR as a biological yardstick to indicate the severity of a given reduction in resource supply. Especially in the case of nutrients, it is dif- To what extent do high-light grown plants achieve a higher RGR than low-light grown plants, and what is the role of LMF in changing the growth rate? An example is given in Fig. 7 , where the response of Geum urbanum is analysed in terms of growth parameters (data of . RGR Only those experiments were included where the sum of the GRC values was at least 0.8 and at most 1.2. Box plots indicate the distribution by percentiles. The xth percentile is the value below which x% of the observations are found. The lower and the higher part of the box indicate the 25th and 75th percentiles, respectively. The value of the bars are the 5th and the 95th percentile, and the 50th percentile (median) is given by the horizontal line within the box. Asterisks at the bottom of the panels indicate the significance level under the H 0 hypothesis of GRC = 0. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The printed values above or below the box plots give the average GRC values.
increases 10-fold from the lowest to the highest level. The increase in ULR is stronger, i.e. 24-fold over the range of light intensities used. The rise in ULR is counterbalanced by a decrease in SLA of two-thirds. As already shown in Fig. 4 , the change in LMF is small and therefore GRC LMF is close to 0. Similar results are found when we consider growth rates for a range of experiments published on growth at different light levels (see Appendix 2 for references). The distribution of GRC values, calculated for these experiments, is shown as boxplots in Fig. 8A . The average GRC value for ULR is almost 2, indicating that photosynthesis is stimulated more than RGR at high light. At the same time the SLA decreases, thus counterbalancing the increase in ULR. This is reflected in a GRC SLA value less than 0 (P < 0.001). The average GRC value for LMF is close to 0, indicating that changes in biomass allocation to leaves, although statistically significant (P < 0.05), only play a limited role in the growth response of plants to low light and are small compared to changes in SLA. This is different for plants grown at various nutrient levels. In this case the increased growth rate because of increased nutrient supply is caused by a higher ULR, a higher SLA as well as a higher LMF (Fig. 8B) , with the change in allocation to leaves (GRC = 0.5) being more important than the change in ULR (GRC = 0.4) or SLA (GRC = 0.2).
Growth responses to increased CO 2 are generally small, especially in terms of RGR, which increases on average by only 10% (Fig. 9A) . Unfortunately, this precludes analysis of the GRC values for each experiment separately, as it requires a difference in RGR (cf. eq. 2). Therefore, we analysed the GRC values indirectly, by first calculating all of the growth parameter values as a ratio between high and control CO 2 levels. From the geometric mean of these ratios we could estimate what the GRC values are on average. Apart from the fact that the RGR responses are much smaller for CO 2 than for light, the contribution of the various growth parameters is remarkably similar: GRC ULR is 2.5, indicating that ULR is stimulated more than RGR, while GRC SLA is -1.4, SLA thus counterbalancing the increases due to photosynthesis. Again, biomass allocation to leaves scales marginally with RGR, GRC LMF being circa 0.1. Consequently, biomass allocation does not play a role in the acclimation of plants to elevated CO 2 .
We were not able to find many experiments in which growth of plants at limited water supply was analysed in terms of RGR and its components, and in half of them growth was only reduced marginally in the low water treatment. Therefore, data in Fig. 9D only serve as a first approximation. Similar to the response of plants to nutrients, an improved supply of water increases ULR, SLA as well as allocation to leaves. However, GRC LMF is much smaller (0.1) than GRC ULR (0.6) and GRC SLA (0.4). Thus, based on this limited data set, we would conclude that changes in biomass allocation to leaves do not play a large role in the adaptation of plants to a low water supply.
We would like to stress that the approach followed here is a simplified one, based only on the carbon economy of the plant. It does not acknowledge the trade-offs with the acquisition of nutrients and water when biomass is channelled from leaves to roots, and does not consider shifts in allocation between stem and root. An alternative approach, akin to the one used above, would be to factorise the RGR in terms of nutrient uptake, plant nitrogen concentration and RMF, along the lines described in Garnier (1991) 
where NUR is the net uptake rate of nitrogen per unit root mass and per time, and PNC is the nitrogen concentration of the plant. Fig. 9 . Box plots of the ratio of various growth parameters for plants grown at (A) elevated CO 2 and at control levels (113 observations); and (B) high and low water supply (15 observations). Data are from references listed in Appendices 2C and D. Asterisks at the bottom of the panels indicate the significance level under the H 0 hypothesis of a ratio of 1. *, P < 0.05; **, P < 0.01; ***, P < 0.001. The printed values above the box plots give the average GRC values, calculated on the basis of the average ratios of RGR, ULR, SLA and LMF.
mind the above considerations, we conclude that in the case of light, CO 2 and water, changes in biomass allocation play only a marginal role in the overall response of plants to suboptimal conditions. Shifts in biomass allocation are more important in the case of a low-nutrient supply.
Conclusions
It is unsatisfactory to describe the allocation of biomass only in terms of shoots and roots. A separation into leaves, stems and roots gives better justice to the very different functions of leaves and stems. Changes in allocation pattern are relatively strong when light or nutrient supply is varied, modest in the case of varying water supply and almost absent when the atmospheric CO 2 concentration is increased. When scaled to the differences in RGR, the differences in biomass allocation due to irradiance, CO 2 and water turn out to be small as compared to changes in other growth parameters. Only in the case of low nutrient availability are changes in allocation of quantitative importance.
Appendix 1. Growth response coefficients
Suppose we have a species that is grown at two resource levels: high (H) and low (L), and that we have obtained data on the RGR (RH and RL), ULR (UH and UL), SLA (SH and SL) and LMF (LH and LL) of plants of both treatments. Given that R = U * S * L, the ratio between RH and RL equals:
Ln-transformation of both sides of the equation gives: (A2) Thus, the difference in ln-transformed RGR values is the sum of the differences in ln-transformed values of ULR, SLA and LMF. This can be converted to:
Consequently, the first part of the right-hand term gives the fraction of the RGR difference that is associated with the difference in ULR, the second part the fraction associated with the difference in SLA and the third part the fraction associated with the difference in LMF. If the components in equation A1 have been calculated correctly and RGR is indeed exactly the product of ULR, SLA and LMF, then these values, which we call Growth Respnse Coefficients (GRCs), should add up to 1:
A GRC value of 1 indicates that the proportional change in the growth parameter of interest equals the proportional change in RGR. A GRC value of 0 indicates that there is no change in that growth parameter at all. GRC values can be higher than 1 (as in the case of ULR at various irradiances) if the increase in the growth parameter is stronger than the increase in RGR, and can be lower than 0 if an increase in a growth parameter goes with a decrease in RGR (like in the case of SLA at different irradiances). Some numerical examples are given in Table A1 . For more information on GRCs see . 
